Neutral carrier-based liquid membrane ion-selective microelectrodes for NH4+ and N03-were developed and used to investigate inorganic nitrogen acquisition in two varieties of barley, Hordeum vulgare L. cv Olli and H. vulgare L. cv Prato, originating in cold and warm climates, respectively. In the present paper, the methods used in the fabrication of ammonium-and nitrate-selective microelectrodes are described, and their application in the study of inorganic nitrogen uptake is demonstrated. Net ionic fluxes of NH4+ and N03-were measured in the unstirred layer of solution immediately external to the root surface. The preference for the uptake of a particular ionic form was examined by measuring the net flux of the predominant form of inorganic nitrogen, with and without the alternative ion in solution. Net flux of NH4+ into the cold-adapted variety remained unchanged when equimolar concentrations (200 micromolar) of NH4+ and N03-were present. Similarly, net flux of N03-into the warm-adapted variety was not affected when NH4+ was also present in solution. The high temporal and spatial resolution afforded by ammonium-and nitrateselective microelectrodes permits a detailed examination of inorganic nitrogen acquisition and its component ionic interactions.
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Ammonium and nitrate are absorbed in greater amounts than any other ion present in the soil solution. The predominant form ofinorganic nitrogen in a given soil depends largely on soil temperature, as the process of nitrification is more strongly inhibited by low temperature than ammonification (9) . Therefore, plant varieties indigenous to warm or cold climates may be expected to adapt their mineral acquisition mechanisms to reflect the composition of their native soil solution.
To date, studies of inorganic nitrogen acquisition have relied primarily on measurements of the depletion of these two ions from solutions containing the root systems of intact plants or excised root segments. This approach integrates uptake over the entire root system for the duration ofexposure to the test solution. Alternatively, ion uptake may be studied with a high degree of spatial and temporal resolution using ion-selective microelectrodes to measure ion activity gradients in the unstirred layer of solution immediately external to the root surface (11, 19) . Newman et al. (19) have used this technique in conjunction with microelectrodes selective for K+ and H+ to investigate proposed mechanisms of K+ uptake.
Here, we report on the fabrication and characteristics of neutral carrier-based ion-selective microelectrodes specific for NH4' and NO3-, and demonstrate their use by investigating the preference of warm-and cold-adapted barley varieties for the form of inorganic nitrogen predominant in their native soils.
MATERIALS AND METHODS

Fabrication of Microelectrodes
Variables that influence the performance of a neutral carrier-based liquid membrane ion-selective microelectrode include: (a) type of glass, (b) tip diameter, (c) type and concentration of silane used to render the tip of the microelectrode hydrophobic, as well as the silane solvent and application method employed, (d) type of LIX2 or solvent used to solubilize the neutral carrier, (e) length of the LIX column, (f) ionic strength and composition of the solution used to backfill the microelectrode, and (g) preconditioning of the microelectrode (1, 4, 26) .
Borosilicate capillary blanks 10 cm long and 2 mm o.d. with an internal filament (World Precision Instruments, New Haven, CT, No. 1 B200F-4) were pulled using a David Kopf model 700C vertical pipette puller. The silanization method used in the fabrication of these microelectrodes was that described by Borrelli et al. (4) , in which a 2 to 5 mm column of 2 to 5% (v/v) tri-N-butylchlorosilane (Fluka, No. 90796) in carbon tetrachloride was injected into the tip of the micropipet. The micropipet was then placed on the surface of a hot plate (Corning, for a period of 5 min. The temperature ofthe hot plate was adjusted such that a stainless steel-jacketed chromel-alumel thermocouple (Omega, KHSS-116G) connected to a digital multimeter (Beckman, HD llOT) read 480°C when lying flat on the hot plate surface.
Because the microelectrodes would not be used intracellularly, the silanized micropipet tips were broken back to reduce the impedance. Using the method of controlled tip breakage described by Tripathi et al. (27) , one edge of a 10-cm-square piece of glassine-coated weighing paper was held down and the free end was allowed to hang over the edge of the bench. The tip of the micropipet was then slowly brushed across the surface of the paper. In this way, micropipets originally with tip diameters less than 1 ,um could be broken back to 1 to 3 ,um diameters in a fairly reproducible manner.
Micropipets were then back-filled with either 0.5 M NH4Cl or 0.5 M KNO3 and 0.1 M KCI for ammonium-and nitrateselective microelectrodes, respectively. The micropipet tips were viewed under a compound microscope during this procedure. Once the back-filling solution had advanced to the tip, a syringe was connected to the back of the micropipet via a length of tygon tubing. At this point the appropriate LIX was front filled according to the method of Rink and Tsien (21) . The tip was advanced into a drop of LIX at the end of a capillary tube and suction applied until a resin column 200 to 800 ,um long was achieved. Microelectrodes were subsequently stored tip down for 6 to 12 h in a solution similar to the back-filling solution, as a preconditioning treatment before use.
The ammonium-selective ion exchange resin was prepared using 10% (w/w) of the macrotetralyde antibiotic nonactin (Fluka (18) , at a temperature of 20°C and 1 atm pressure, a 1.0 mM solution of MgSO4 will be roughly 87% dissociated into Mg2' and SO3-ions (17, 25) . The solutions were kept at a constant temperature of 20°C in a jacketed beaker connected to a circulating temperature-controlled water bath. Solutions were stirred constantly with a magnetic flea propelled by a turbine-driven magnetic stirrer (Thomas Scientific, .
Typically, microelectrodes were made in groups of eight, and the best selected from the group for experimental use. Selection was based primarily on three factors: slope (mV decade-'), drift (mV min-'), and response time. A preliminary test consisted of measuring the microelectrode response in a solution in which the concentration was increased from 10 to 100 and finally to 1000 Mm by the addition of aliquots of concentrated solutions of the ion of interest. Once a microelectrode was selected, it was calibrated again between 1 and 1000 AM in the following sequence: 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 MM. The selectivity of the microelectrode against potentially interfering ions was determined by the fixed interference method (1, 8) , in which a known amount of interfering ion was added to the calibration solution and the calibration performed as outlined above. The potentiometric selectivity factor (K'ijOt) was determined from the Nicolsky-Eisenman
where i is the ion of interest, j is the interfering ion, E, and Ej are the component potentials due to the ion of interest and the interfering ion respectively, zi and zj are the valence of the ion of interest and interfering ion respectively, ai and aj are the activities ofthe ions in solution, Tis absolute temperature, R is the universal gas constant, and F is the Faraday. When
Ei is equal to Ej, Equation 1 reduces to Pot= a/atz/zJ ii (2) In the case of dilute solutions, ion concentrations may be substituted for ion activities (1) . This is fortunate in that ionselective electrodes measure PhotoZoom inverted microscope. A motor-driven micromanipulator (Marzhauser, DC-3K) was used to position the tip of the ion-selective microelectrode at the desired radial distances from the root surface.
Root diameter and root axial location were measured using a calibrated eyepiece reticle at 40x magnification. The radial distance of the microelectrode tip from the root surface was determined at lOOx using the same eyepiece reticle. Illumination of the root and microelectrode tip was supplied solely by room lighting; the microscope light remained off during the course of the experiment to avoid heating the solution in the cuvette and illuminating the root with strong light. The cuvette volume was 130 mL. Using solutions buffered at pH 4 and 8, the time required to flush the cuvette volume thoroughly was determined to be 6 min.
The solution delivery system included a loop whereby aerated solution could be cycled through the cuvette. This feature enabled us to insert a seedling in the chamber several hours before an experiment and thus allow sufficient time for recovery from movement and handling. This ensured that transport functions dependent upon a normal membrane potential would be operating. The cycled solution consisted of 100 Mm Ca(NO3)2 and 100 AM CaSO4.
All experimental solutions contained both the ion of interest and Ca2' at 200 Mm and were adjusted to an ionic strength of 4.4 mm using MgSO4. In NH4' net flux experiments, NH4' was supplied as either (NH4)2SO4 or NH4NO3. In NO3-net flux experiments, N03-was supplied as either Ca(NO3)2 or NH4NO3.
At the start of an experiment, the first test solution was allowed to flow into the cuvette for 8 min. Because preliminary experiments showed that the diffusion profile becomes established within a few minutes of the cessation of solution inflow, measurements were begun within 10 min. The first potential reading was taken with the ion-selective microelectrode in the bulk solution (at least 5.0 mm from the root surface), then readings were taken at 100, 50, 25, 50, and 100 ,Mm from the root surface, and finally again in the bulk solution ( Fig. 2 ). Two to 3 min were allowed at each radial distance for a stable reading to be established. Following the conclusion of the first cycle of seven potential measurements, In control experiments, all six changes ofsolution were ofthe same composition. Alternatively, when net flux of NH4+ or NO3-was being tested in the presence of NO3-or NH4', respectively, only the third and fourth solutions contained equimolar concentrations (200 ,uM) of both ions. The first, second, fifth, and sixth solutions were identical, consisting of the ion of interest; NH4' in the case of Olli experiments, and NO3-in Prato experiments. At the conclusion of an experiment, the microelectrode was recalibrated between 50 and 1000 ,M.
RESULTS AND DISCUSSION Microelectrode Characteristics
In evaluating the performance and applicability of NH4' and NO3-ion-selective microelectrodes, we investigated several characteristics: (a) limit of detection, (b) slope (mV decade-') within the anticipated concentration range, (c) amount of drift (mV min-'), (d) practical response time of the electrode, (e) influence of pH, (f) effect of ionic strength, (g) influence of temperature, and (h) selectivity of the electrode against potentially interfering ions (8) .
The limit of detection was determined in the course of constructing a calibration curve. The two linear portions of the curve were extended to their point of intersection and the concentration of the ion at this point, which corresponds to the limit of detection, was determined from the abscissa ( Fig.  3; 8 ). In the case of NH4+-selective microelectrodes, the low end of the calibration curve had to be extended to include submicromolar ammonium concentrations. The limit of detection of a typical NH4+-selective microelectrode was found to be approximately 1 ,.M, while for NO3-selective microelectrodes it was 30 ,uM (Table I ).
In the context of the present experimental system, the calculation of net fluxes from ion activity gradients in the unstirred layer of solution was facilitated by construction of (Table I) . The practical response time of an ion-selective electrode is defined as the time required for the potential of the electrochemical cell to come to 90% of the final value from the moment at which the concentration of the ion of interest is changed (8) . Due to the nature of the calibration protocol and the procedure for measuring net fluxes, the practical response time of NH4+-and NO3--selective microelectrodes was evaluated in a less rigorous manner.
In stirred calibration solutions, the time from the addition of a small aliquot of concentrated salt solution to the achievement of a stable reading is largely dependent on the rate of mixing. With the stirring speed held constant, several microelectrodes were calibrated in succession. Response time was then evaluated as the time required to achieve a stable reading after the addition of the last aliquot of solution. In general, roughly one minute was required, in the case of both NH4' and NO3-microelectrodes.
During the course of an experiment, however, the solution in the cuvette was static and the microelectrode was moved through the diffusion profile. In this situation, the practical response time was a function ofthe time required to reposition the microelectrode in addition to the time for the electrode to respond to the change in concentration. The time required to move the tip of the microelectrode from the bulk solution to the 100 ,m position was approximately 40 s. Only a second or two was needed to move the tip between positions within the unstirred layer. Figure 2 shows the response time of the microelectrode to be only a few seconds in an unstirred solution.
Effect of pH
In experiments characterizing microelectrode response to changes in pH, the solution pH was monitored using a conventional combination pH electrode (Fisher, No. 13-620-252) and a digital pH meter (Orion, model 601A).
The effect of pH on electrode response can be considered in terms of the electrode's selectivity against H+ or OH-. In this context it was deemed more appropriate to use the fixed primary ion method (1) rather than the fixed interference method (8) (Fig. 4) . This suggests that the effect is due rather to an increase in [NH44] resulting from a shift in the equilibrium between NH44 and NH3 (pKa = 9.40 at 20°C).
Were the offset due to an increase in [H+] , one would expect an increase of the effect in the lower pH range.
Over the range of pH tested (pH 5.0-8.0), NO3-electrodes exhibited minimal sensitivity (Fig. 4) . A 10-fold increase in [OH-] (or decrease in [H+] ) produced a change of +0.6 mV in the microelectrode response. This is interesting because it suggests that the influence of pH does not concern the selectivity of the NO3-microelectrode against OH-. Were OHions competing with NO3-, an increase in [OH-] would be expected to produce a negative offset, as is observed by increasing [NO3-] (Fig. 3) .
Effect of Ionic Strength
The influence of ionic strength on the response of the microelectrode was determined by performing a series of calibrations on a single electrode. The ionic strength of the calibration solutions was adjusted to different values using MgSO4. During the construction of a standard calibration curve, the ionic strength of the calibration solution will increase by approximately 37.5% due to the increase in the concentration of the ion of interest. We tested the influence of ionic strength on electrode response by increasing the ionic strength by 74.4%, from 4.3 to 5.4 to 6.5 to 7.5 mM.
Both NH44 and NO3-microelectrodes showed virtually no sensitivity to these changes in ionic strength, within the range of concentrations in which the electrode response was linear (data not shown). Changes in ionic strength do influence, however, the electrode response near the limit of detection. where ai' and ai" are the activities of the ion of interest in the external solution and the internal filling solution, respectively, and E0 is the sum of all the component potentials in the system with the exception of the emf across the LIX (1). If ai' < ai", as is normally the case, an increase in temperature should produce a decrease in the emf of cation-selective electrodes (where zi is positive) and an increase in the emf of anion-selective electrodes (where zi is negative). Figure 5 illustrates this effect. The temperature coefficient for a typical NH44-selective microelectrode is roughly 0.5 mV°C-', while the corresponding coefficient for a N03--selective microelectrode is approximately 1.0 mV°C-'. This is close to the theoretical value of 0.68 mV°C-', when ai' is 200.00 jM and ai" is 0.5 M.
It is also important to note that the influence oftemperature on the potential across the LIX increases as the value of ai' diverges from the value ofai". Hence, the effect oftemperature on E is most pronounced in dilute solutions and less noticeable as the solution concentration of the ion of interest increases. When ai' = ai", temperature will have no effect on the emf across the LIX. Each of the component potentials in the electrode system will show a sensitivity to temperature, similar to that observed across the LIX, in keeping with the dictates of the Nernst equation (Eq. 3; 1). Therefore, changes in temperature outside the experimental solution must also be minimized, as they could influence the potentials at the Ag/AgCl electrodes, included in E0.
Selectivity
In evaluating the selectivity of NH4+ microelectrodes, the cations tested as potentially interfering ions were K+, Na+, Ca2+, and Mg2+, due to their proximity in the Hofmeister series. In general, ions of similar valence pose a more severe problem as interfering ions. In this regard, 200 ,uM K+ significantly influenced the electrode response (Fig. 6A) . A potentiometric selectivity factor (KIN°H4K; Eq. 2) of about 0.1 was observed. Similarly, Na+ exerted an interfering influence on NH4+ microelectrode response (Fig. 6B) . In the presence of 3.13 mm Na+, K°4Na was determined to be 0.002. While equimolar concentrations of Na+ are of little concern, had our experimental solutions been adjusted to an ionic strength of 4.4 mm using Na2SO4, the resultant 10- (Fig. 7) . Although Cl-was excluded from our experimental solutions, it is com- monly present in biological solutions and must be considered as a potential interfering ion when using NO3-electrodes. Figure 7A reveals mately 1 h and, during this time, the series of seven potential measurements (in the bulk solution, at 100, 50, 25, 50, and 100 ,um, and finally again in the bulk solution) was repeated four times. Each series of seven measurements produced two net flux values pairing the emf readings at radial distances of 100 and 50 ,um, while moving the microelectrode toward the root surface, and at 50 and 100 ,um moving the electrode away from the root (Fig. 2) . Consequently, eight net flux values were determined during each of the six test solutions. Net flux values were calculated using the following equation 2irD"*K(C2-C1) (4) Ap ln(r2/ri) where, X is the net flux (,umol g fresh weight-' h-'), D*°is the self-diffusion coefficient for the ion of interest (cm2 s-'), Cl and C2 are the concentrations of the ion of interest (nmol cm-3) at radial distances r, and r2 (,m) from the center of the root, A is the cross-sectional area of the root (cm2), p is the density of the root tissue (g cm-3), and K is a units conversion coefficient (1 1). Self-diffusion coefficients for individual ions were calculated from limiting ionic conductivities (20) (20) . In the absence of constants for NH4+ and NO3-, we substituted the constants for K+ and Cl-to correct the values of the limiting ionic conductivities given for 25°C to values appropriate for experiments conducted at 20°C. A comparison of the constants given for several cations and anions revealed little difference between neighbors in the Hofmeister series. The self-diffusion coefficients for NH4+ and NO3-at 20°C were calculated to be 1.74 x 10-5 and 1.67 x 10-5 cm2 S-', respectively.
As indicated above, microelectrodes were calibrated immediately before and after the experiment. We observed two cases in comparing calibration curves constructed roughly six hours apart; (a) either the curves overlapped, indicating no change in electrode response over the course of the experiment, or (b) the curves were uniformly offset, the slope remaining unchanged while the intercept of the regression line through the points shifted.
Each time the microelectrode was moved into the bulk solution, corrections for electrode drift were made by recalculating the regression line intercept, based on the assumption that the background concentration of the ion of interest remained constant (200 AM) during the hour between solution changes. Figure 8 demonstrates the effect of NO3-on NH4' net flux in Olli barley. Three seedlings were used as controls (Fig. 8A ) and were exposed to the same solution composition during each of the six solutions changes. This provided a test of whether net flux changed over the course of the 6 h experiment due to factors other than the presence of the alternate ion. Figure 8B shows the effect of an equimolar concentration of NO3-(during the third and fourth solution changes) on NH4+ net flux in three Olli barley seedlings. No change of a physiologically significant magnitude was observed in the net flux of NH4+ when Olli barley seedlings were offered NO3-in addition to NH4+.
Similarly, Figure 9 demonstrates the effect of NH4+ on NO3-net flux in Prato barley. Again, three seedlings were used as controls (Fig. 9A ) and were exposed to the same solution composition during each of the six solution changes. Figure 9B shows the effect of an equimolar concentration of NH4+ (during the third and fourth solution changes) on NO3-net flux in three Prato seedlings. Net flux of NO3-remained relatively unchanged when Prato barley seedlings were supplied both NO3-and NH4+ at 200 ,uM. This is in contrast to the reports in the literature of significant reductions in NO3-net flux in the presence of NH4+ (5, 7, 13) .
The limitations of both the technique and the microelectrodes themselves must be understood before any meaningful conclusions can be drawn from experiments of this type. In addition, examination of the terms in Equation 4 reveals two ways in which a change in solution temperature must be taken into account in calculating the correct value of the net flux (,O). There will be an error introduced into the determination of the concentrations, Cl and C2, due to an effect on the slope of the calibration curve for the ion-selective microelectrode. In addition, the value of the self-diffusion coefficient, D*°, varies with temperature. Equation 5 shows temperature exerting an influence on the self-diffusion coefficient directly, through T, as well as via the limiting ionic conductivity (X0i), itself a function of temperature (Eq. 6; 20). We estimate that an error of 1°C in determining solution temperature will also produce a 7% error in the calculation of the actual net flux at 20C.
Fourth, as the bulk solution concentration of the ion of interest changes due to uptake, a means of correcting the calibration regression line and distinguishing between electrode drift and ion depletion due to uptake becomes important. To a rough approximation, the assumption that the bulk solution concentration remains constant is acceptable when the cuvette volume is large and the seedling root system is small. That situation allows easy adjustment of the regression line intercept and corrects for any electrode drift during the course of the experiment. When such is not the case, the ion concentration of the bulk solution must be measured independently.
Fifth, most studies of ion uptake, using either radioactive labels or ion-selective macroelectrodes to make bulk solution depletion measurements, involve perturbations to the plant material either through handling and transference between solutions, or through root excision.
In a series of control experiments (Fig. 9A) Many reports have appeared in the literature concerning the influence of ammonium on nitrate uptake in barley (3, 5, 7, 13) , maize (14, 16, 23) , and tomato (24) . Deane-Drummond and Glass (5) have suggested that the influence of ammonium on nitrate net uptake depends on the amount of nitrate previously available. Using 36C103-as an analog for NO3-, nitrate influx from a solution of 100 Mm NO3-was not affected by the presence of 100 to 500 Mm NH4+ ifthe seedlings had been previously grown at that nitrate concentration. They observed a stimulation ofNO3-efflux in the presence ofNH4' and suggested that inhibition of net NO3-uptake by NH4' is regulated through its effect on NO3-efflux.
In subsequent experiments using '3N03-, however, Glass et al. (7) were able to show that 500 gM NH4' caused a 50% reduction in influx, and that NO3-influx across the plasmalemma of intact barley plants was independent of pretreatment levels of NO3;. Their uptake medium contained NO3-at concentrations of either 422 or 750 uM. In addition, they observed 500 gM Cl-in the external solution to be without effect on 13N03-influx. This led to the recommendation that experiments using 36C103-as an analog ofNO3-be interpreted with caution.
Lee and Drew (13) suggests that the inhibition of NO3-net uptake occurs primarily through the inhibition of NO3-influx and not through a stimulation of NO3-efflux.
In their investigation of warm-and cold-adapted barley varieties using ion-selective macroelectrodes, Bloom and Finazzo (3) observed an initial decline in NO3-net uptake in the presence of NH4+ for both Prato and Olli barley, followed by a partial return to the original rate over 2 to 3 h. They used equimolar concentrations of NO3-and NH4', in the range of 1 to 200 gM. Although studies making use of ion-selective electrodes measure net uptake, and thus cannot distinguish between effects on influx and efflux, the experimental system used in their study had the advantage of allowing several hours for recovery after the plant was moved into the experimental chamber.
Similarly, the technique in the present study allowed an extended period for recovery from movement and handling before the start of the experiment. In addition, the use of ionselective microelectrodes provides much greater spatial resolution, measuring net ionic flux in the vicinity of a small group of cells, and not integrating ion uptake over the entire root system. The temporal resolution afforded by this technique is a function of the response time of the microelectrode (a few seconds) and the time required for an effect at the root surface to be propagated by diffusion to the point of measurement (also a few seconds).
In this study, a statistical difference was observed between the control and NH4+-treated Prato barley plants (determined by ANOVA, General Linear Model Procedure, SAS), although the magnitude of the difference cannot be considered physiologically significant. Our results suggest that barley varieties acclimated to an environment in which one ionic form of nitrogen predominates, continue to take up that form in spite of the availability of the alternative form. As in the Bloom and Finazzo study, equimolar concentrations of NH4' and NO3-were used when testing the inhibition of NO3-net uptake by NH4', as well as the influence of NO3-on NH4' net uptake.
Our primary purpose in presenting these results was to describe the fabrication of NH4+-and NO3-selective microelectrodes and to demonstrate their applicability in the study of inorganic nitrogen acquisition using the technique of Newman et al. (19) . More detailed examinations of inorganic
